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As the removal of sulfur from coal prior to combustion 
acquires more importance in order to meet evermore stringent 
antipollution regulations, research on the development of 
methods for the cleaning of coal continues to expand. Reviews 
are available which describe the various methods for 
desulfurizing coal (1, 2, 3). The sulfur content in coal is 
usually a few per cent, but i t can range from less than 0.5 per 
cent to as much as 8 per cent or more. Much of the sulfur is 
inorganic in nature, occurring in discrete mineral phases; the 
inorganic sulfur is mostly pyrite with small amounts of sulfates 
such as gypsum. Part of the sulfur in coal is termed organic 
sulfur, being intimately bound to the organic coal matrix. The 
chemical nature of this organic sulfur is not well established. 
During the desulfurization of coal, some of the coarse inorganic 
sulfur components can be removed by s t r i c t l y physical or 
mechanical means, but chemical methods are required to remove the 
finely disseminated pyrite and the organic sulfur. 
A promising chemical de su l fu r i z a t i on method being developed 
at the Ames Laboratory, Iowa State U n i v e r s i t y , i s based on 
leaching f i n e l y powdered coal with a hot s o l u t i o n of d i l u t e 
sodium carbonate conta in ing d i s so lved oxygen under moderate 
pressure ( 4 , _5). The method has been shown to be e f f ec t ive i n 
the rap id removal of most of the inorganic su l fur and a 
subs t an t i a l por t ion of the organic su l fur under r e l a t i v e l y mi ld 
c o n d i t i o n s . However, the removal of organic su l fur var ies from 
coa l to coal 0 6 ) . Even for the same c o a l , the reduct ion i n 
organic su l fur may be va r i ab le because of sample heterogeneity, 
changes i n process cond i t ions , and sometimes quite unknown 
f ac to r s . 
I t appears that adding to a l l these d i f f i c u l t i e s i s the 
lack of a s a t i s f ac to ry method for the d i r e c t determination of 
organic su l fur i n coal that could be rou t i ne ly appl ied to a l l 
coals under a l l cond i t ions . The commonly used ASTM procedure 
(7 )^ for organic su l fur i s an i n d i r e c t method, based on the 
d i f ference between the t o t a l su l fur and the t o t a l inorganic 
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(pyritic plus sulfate) sulfur. The sulfate is determined in the 
liquid extracts of coal boiled with hydrochloric acid. The 
assumption is that only sulfate sulfur is extracted, pyritic 
sulfur is untouched, and a l l iron forms other than pyritic iron 
are extracted. The residue is then extracted with nitric acid 
to dissolve the pyrite, and the iron content in the liquid is 
taken as a measure of the pyrite, since a l l non-pyritic iron has 
been previously extracted by the hydrochloric acid. This 
measurement technique also avoids any contamination from the 
possible decomposition of organic sulfur compounds by the nitric 
acid. 
This ASTM procedure is basically sound and many tests 
confirm its u t i l i t y on raw coals (8^ , 9^, 10). However, there may 
be problems in its routine application to chemically processed 
coals (11, 12). The chemical treatment may alter the mineral 
components, resulting in sulfur- and iron-bearing minerals with 
different solubilities in hydrochloric or nitric acid. Such 
changes may account for discrepancies observed between the 
determination of total inorganic sulfur and the sum of pyritic 
and sulfate sulfur (13). In addition, the organic structure of 
coal itself may be changed so that leaching of pyrite by nitric 
acid is not as effective. 
The problems in the determination of organic sulfur in coal 
underline the need for new methods. Several approaches have 
been investigated (14-17), but more work is necessary for full 
development. 
In our work, the removal of organic sulfur from coal was 
followed by the ASTM procedure. In addition, the fate of iron 
and sulfur was assessed by a series of extraction experiments 
with analysis of the solid residues and the liquid extracts by 
conventional chemical methods. Finally, an instrumental method 
based on electron microprobe X-ray analysis was used for the 
direct determination of organic sulfur in the organic coal 
matrix (18, 19). The analytical results from the different 
techniques were used to evaluate the removal of organic sulfur 
from three coals by the Ames oxydesulfurization process. 
Experimental 
Coals. The three coals chosen for the desulfurization 
experiments were high-volat île C bituminous coals. Lovilia/ROM 
was a run-of-mine coal from Monroe County, Iowa, and was 
probably oxidized during prolonged storage (as shown by the high 
sulfate content). Lovilia/lSU was a freshly mined coal that was 
subsequently precleaned at the Iowa State University coal 
preparation plant by a heavy-media (magnetite) process at 1.3 
specific gravity. The Illinois No. 6 coal came from the Elm mine 
near Trivoli, Illinois. The Lovilia/lSU and Illinois No. 6 coals 
were stored under nitrogen after pulverizing and screening to 
-200 mesh. 
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Desulfurization. The coals were treated in a 1 - l i t e r 
autoclave under conditions of the Ames oxydesulfurization process 
by leaching 100 g of coal with 400 ml of 0.3 M sodium carbonate 
for 1 hr. at 150 C under 200 psia oxygen p a r t i a l pressure. The 
apparatus and detailed procedure for the leaching experiments 
were described elsewhere (4, 5). 
Acid Extraction. The raw and treated coals were extracted 
by acids under conditions analogous to those recommended in the 
ASTM method (7^ ) for the determination of various forms of 
sulfur: 
Extraction A - 25 g of coal was extracted for 30 min. by 
250 ml b o i l i n g 2:3 hydrochloric acid. 
Extraction Β - 10 g of the washed and dried residue from 
extraction A was extracted an additional 
30 min. by 500 ml b o i l i n g 1:7 n i t r i c acid. 
Extraction C - 10 g of coal was extracted d i r e c t l y (with­
out the hydrochloric acid pre-extraction) 
by 500 ml b o i l i n g 1:7 n i t r i c acid. 
Extraction D - same as Extraction C except at room temper­
ature, with s t i r r i n g , for 12 hr. 
The residues from the extractions were f i l t e r e d , washed, and 
dried for 4 hr. at 100 C. The wash water was combined with the 
acidic f i l t r a t e for analysis. 
Analysis. The heating value, ash content, and sulfur 
d i s t r i b u t i o n of the raw and treated coals were determined 
according to ASTM procedures (jO. Iron in the extracts of the 
raw and treated coals was determined by t i t r a t i o n with a cerium 
(IV) solution. Iron in the residues from the acid extractions of 
the raw and treated coals was determined spectrophotometrically 
using ferrozine (20). The l i q u i d extracts were analyzed for 
t o t a l sulfur (as sulfate) by ion chromatography after separation 
of the sulfate from nitrate on an alumina column (21). Nitrogen 
was determined in the raw and treated coal and in their n i t r i c 
acid-extracted residues by a modified Kjeldahl method. 
A Tracor Northern quantitative energy-dispersive X-ray 
analysis system with solid-state detectors was used for the 
electron microprobe measurements. The method is based on 
electron microbeam point analyses on a maceral level (18, 19). 
The emitted characteristic X-ray fluorescence radiation is used 
to quantify sulfur. Other elements of interest, such as iron 
and calcium, are monitored simultaneously to ensure that only 
the organic sulfur component is characterized. The measured 
values were corrected for atomic number, absorbance, and 
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fluorescence effects (ZAF corrections). The data points were 
treated statistically for the purpose of comparison. Analysis 
of variance was used to determine the variation within and among 
particles, and then a £-test was applied to set up confidence 
intervals centered around the sample means for single samples and 
for comparison between samples. 
Calculations. The heating value (H.V.) recovery was 
calculated by: 
The sulfur content was converted from per cent to pounds per 
million Btu. by: 
lbs.S/106 Btu. = (%S χ 106)/[100 χ H.V. (in Btu./lb.)] 
The values on a dry, mineral matter-free basis (dmmf) were 
obtained by using the modified Parr formula to calculate the 
mineral matter (m.m.) content: 
%m.m. = 1.13 χ (% Ash) + 0.47 χ (%S pyritic) 
The total sulfur (determined as sulfate) in the filtrates from 
the acid extractions was converted to per cent sulfur in the 
original dry coal by: 
%S coal = [SO2- (in g/a) χ Vol.(in£ ) χ 32/96] χ 100/g coal 4 
The iron content in the filtrates was converted similarly to the 
coal basis. 
Results and Discussion 
The coals were desulfurized by leaching with a hot solution 
of sodium carbonate containing oxygen under pressure. The 
results of treating the coals under these oxydesulfurization 
conditions are presented in Table I. Substantial amounts of 
total sulfur were removed. The pyritic sulfur content was 
reduced greatly, and sulfate sulfur was almost completely 
removed. At first sight, organic sulfur was also removed, 
although to a lesser extent. There was also a small decrease in 
the heating value and a slight increase in the ash content. 
Because of these additional changes, the organic sulfur content 
was also calculated on a dry, ash-free (daf) and on a dry, 
mineral matter-free (dmmf) basis. The organic sulfur content, 
when compared on these bases, was s t i l l noticeably reduced by 
the oxydesulfurization treatment. The reduction in organic 
sulfur content amounted to about 15%, 75%, and 25% for the 
Lovilia/lSU, Lovilia/ROM, and Illinois No. 6 coals, respectively. 
% H.V. Recovery (wt. coal final χ H.V. final) χ 100 (wt. coal started χ H.V. started) 
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The iron content did not seem to be affected to any large extent. 
To take into account the changes in heating value, the 
sulfur content was also calculated in terms of pounds per 
m i l l i o n Btu. The results are presented in Table I I . The removal 
of t o t a l sulfur was s t i l l substantial, but the reduction in 
organic sulfur was much less, except in the case of Lovilia/ROM 
coal, for which i t remained at about 74%. 
The raw and the treated (desulfurized) coals were subjected 
to several extraction procedures, and the residues were analyzed 
for ash and to t a l sulfur while the l i q u i d extracts were analyzed 
for iron and to t a l sulfur (as sul f a t e ) . These results, together 
with the weight of the samples before and after extraction, are 
presented in Table I I I . Extraction A (boiling with 2:3 HC1 for 
30 min.) is ide n t i c a l to the ASTM procedure for extracting 
sulfate sulfur and non-pyritic iron into the acid. The tot a l 
sulfur in the residue should be related to the sum of p y r i t i c and 
organic sulfur. The residue from extraction A was subjected to 
extraction Β with b o i l i n g 1:7 HNO3 for 30 min. The iron 
content in the l i q u i d should correspond to the iron ( p y r i t i c ) 
content determined by the ASTM procedure. The sulfur in the 
l i q u i d should equal the p y r i t i c sulfur plus any organic sulfur 
which may have been decomposed by the n i t r i c acid treatment. The 
t o t a l sulfur in the residue should be only the remaining organic 
sulfur. Extraction C is a one-step extraction of the o r i g i n a l 
coal with b o i l i n g 1:7 HNO3, and the residue should be 
comparable to extraction B. The iron and sulfur content of the 
l i q u i d from extract C should be related to the sum of the iron 
and sulfur content in the liquids from extractions A and B. 
F i n a l l y , since the ASTM procedure permits overnight extraction at 
room temperature to replace the 30-min. extraction at b o i l i n g 
temperature, extraction D was performed as a check. In this 
extraction, the o r i g i n a l coal sample was s t i r r e d with 1:7 HNO3 
for 12 hr. at room temperature. 
Several observations can be made about the data in Table 
I I I . Generally, the sulfur contents in the liquids from 
extraction A agree well with the sulfate content obtained by the 
ASTM analysis (see Table I ) . There is also f a i r agreement 
between the iron and sulfur contents of l i q u i d C and the sum of 
the iron and sulfur content in liquids A and B. This implies 
that the hot one-step extraction with n i t r i c acid is equivalent 
to the two consecutive extractions with hydrochloric and then 
n i t r i c acid. The tot a l sulfur content of residues C and of 
residues Β are in excellent agreement and seem to confirm t h i s . 
The t o t a l sulfur values in residues C are comparable for the 
raw and for the desulfurized (treated) samples in the case of 
Lo v i l i a / l S U and I l l i n o i s No. 6 coals. But for the Lovilia/ROM 
coal, this t o t a l sulfur content is s i g n i f i c a n t l y less for the 
desulfurized than for the raw coal, seemingly in agreement with 
data in Table I I , indicating that organic sulfur is removed from 
this coal. However, the to t a l sulfur content in residues Β and C 
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Table I. Analysis of Different Coals Before and After Oxydesulfurization.3 
H. V., Ash, Fe, Sulfur, Ζ Org. S, Org. S, 
No. Coal Btu./lb. % % Tot. Pyr. Sulf. Org. %(daf D) %(dmmfc) 
1 Lovilia/ISU raw 12,514 9.12 1.84 2.58 1.51 0.26 0.81 0.89 0.91 
2 Lovilia/ISU treated 10,953 12.03 1.60 1.07 0.36 0.05 0.66 0.75 0.77 
3 Lovilia/ROM raw 9,689 25.11 3.66 4.14 2.26 0.93 0.95 1.27 1.35 
4 Lovilia/ROM treated 8,857 27.78 3.81 1.04 0.71 0.10 0.23 0.32 0.34 
5 Illinois //6 raw 13,404 9.50 1.76 3.68 1.22 0.53 1.93 2.13 2.18 
6 Illinois #6 treated 10,753 12.66 1.53 1.67 0.21 0.06 1.40 1.60 1.68 
Results are averages of duplicate determinations by ASTM procedures. 
daf • dry, ash-free basis. 
'dmmf - dry, mineral matter-free basis. 
Table II. Removal of Various Forms of Sulfur From Different Coals (Based on 
Heating Value). 
% H.V.a Sulfur, lb./106 Btu. S Removal 
No. Coal Recov. Tot. Pyr. Sulf. Org. Tot. Pyr. Org. 
1 Lovilia/ISU raw — 2.06 1.21 0.20 0.65 
2 Lovilia/ISU treated 85.9 0.98 0.33 0.05 0.60 52.4 72.7 7.7 
3 Lovilia/ROM raw — 4.27 2.33 0.96 0.98 
4 Lovilia/ROM treated 85.7 1.17 0.80 0.11 0.26 72.6 66.5 73.5 
5 Illinois #6 raw 2.75 1.22 0.40 1.44 
6 Illinois //6 treated 80.2 1.55 0.19 0.06 1.30 43.6 84.4 9.7 
a% H.V. Recovery - (wt. coal recovered χ final H.V. χ 100)/(wt. coal started χ 
orig. H.V.). 
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Table III. Extraction of Raw and Treated Coals with 2:3 Hydrochloric Acid and/or 
1:7 Nitric Acid 
Acid Extraction Weight, g. Dry Residue Analysis, % Liq. Ext. Analysis", % 
of Coal a Start Resid. Ash Tot.S. Tot.S (daf) Tot. S Fe 
1. Lovilia/ISU raw coal c 9.12 
A 24.70 23.90 5.33 
Β 10.00 10.56 2.76 
C 9.88 10.24 2.62 
D 9.88 10.42 3.35 
?->_t2Yiiie/i§y_t£eated_coal^ 12.03 
A 25.00 22.70 3.95 
Β 10.00 10.45 3.20 
C 10.00 9.56 3.50 
D 10.00 9.73 5.26 
2i__L2ï^^/^_Eê^_£2£i^ 25.11 
A 23.01 20.51 19.02 
Β 10.00 10.33 13.01 
C 9.20 8.57 12.76 
D 9.20 8.64 15.70 
^i—îr2YUi§Z?2M_ treat ed_coal^ 27.78 
A 25.00 22.30 17.01 
Β 10.00 10.31 15.08 
C 10.00 9.04 16.08 
D 10.00 9.34 20.11 
5i—iîli-i§.£SÏ_£2Si^ 9.50 
A 23.59 22.57 7.61 
Β 10.00 10.89 4.39 
C 9.43 10.08 4.84 
D 9.43 9.80 5.82 
§ΐ-^ΐ1.ι_ί§-£Σ££££Ε_£2£i. 1 2 · 6 6 
A 25.00 23.36 6.48 
Β 10.00 10.46 5.46 
C 10.00 9.67 6.06 
D 10.00 9.87 7.51 
2.58 2.84 — — 
2.26 2.39 0.21 0. 33 
0.76 0.78 1.39 1.27 
0.76 0.78 1.89 1.65 
0.95 0.98 1.76 1.66 
1.07 1.22 — — 
1.10 1.15 0.05 1.24 
0.77 0.80 0.28 0.23 
0.77 0.80 0.33 1.42 
1.01 1.07 0.06 0.29 
4.14 5.53 — — 
3.32 4.10 0.94 1.28 
0.87 1.00 2.71 2.33 
0.84 0.96 3.51 3.42 
1.13 1.34 3.29 3.09 
1.04 1.44 — — 
1.08 1.30 0.13 3.08 
0.63 0.74 0.43 0.48 
0.62 0.74 0.54 3.38 
0.98 1.22 0.09 0.80 
3.68 4.07 — — 
3.03 3.28 0.48 0.47 
1.53 1.60 1.37 0.94 
1.53 1.61 1.85 1.46 
1.84 1.95 1.55 1.39 
1.67 1.91 — — 
1.71 1.83 0.05 1.29 
1.46 1.54 0.23 0.12 
1.48 1.58 0.24 1.20 
1.64 1.77 0.06 0.22 
aA - Extraction with boiling HC1; Β - extraction of residue from A with boiling HN03; 
C - extraction with boiling HN03 only; D - extraction with HN03 only, but at room 
temperature. 
^Expressed in percent based on original dry coal. 
CSelected data of original, unextracted coal. 
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may not be a true measure of the organic sulfur content in the 
original coal. First of a l l , some labile organic sulfur 
compounds may be lost because of decomposition by the hot nitric 
acid. Then, the changes in the content and the properties of the 
ash caused by the acid make comparisons relating to the original 
ash di f f i c u l t . Finally, the organic matrix itself may be changed 
significantly by the nitric acid treatment. 
Extractions with only cold nitric acid produced generally 
different results. The total sulfur content of the residues D 
was higher than for extractions with boiling nitric acid. This 
may be caused by incomplete extraction of the inorganic sulfur or 
by less decomposition, i f any, of the organic sulfur. The ash 
values were also generally higher for the cold than for the hot 
extractions. The iron and sulfur content of the liquids from the 
cold nitric acid extraction were substantially lower for the 
treated coals than for the raw coals. This significant 
difference may point to considerable changes in the mineral 
phases during the chemical desulfurization treatment. If any of 
the iron- and sulfur-containing minerals (or clays) were changed, 
they would apparently respond differently to extraction by acids. 
If the cold extraction procedure is used in the ASTM analysis, 
some of the pyritic iron may not be extracted from the treated 
(desulfurized) coals, but a l l of the pyritic iron would s t i l l be 
extracted from the raw coals. In such a case the organic sulfur 
content of the treated coal would be reported higher than the^  
actual value. 
Table IV presents the changes in the content of nitrogen and 
of iron in raw and in treated coals brought about by extraction 
with boiling nitric acid. In the original coal samples, the 
nitrogen content seemed to be unaffected and the iron content 
only slightly affected by the chemical desulfurization 
treatment. However, extraction of the raw coals with boiling 
nitric acid increased the nitrogen content by 3-4 fold. The 
increase was slightly less for the treated coals. This 
substantial take up of nitrogen may account for the increased 
weight of the residues (see Table III), even though the ash 
content was greatly reduced. At the present time, it is not 
known in what form the nitrogen is incorporated, but the presence 
of nitro groups (-NO2) seems plausible. 
The iron content of acid-extracted residues was generally 
0.10% or less. The one notable exception, Lovilia/ROM coal 
treated and then extracted, had a higher content of iron. This 
may be related to the somewhat higher pyritic sulfur content of 
this sample (Table I), as determined by the ASTM procedure, 
resulting in an apparent lower organic sulfur content. 
The data presented in Table V were obtained by 
energy-dispersive X-ray analysis using an electron microprobe. 
The method is based on monitoring the sulfur content of an 
organic maceral (in this case, vitrinite), which is not 
associated with any cations, as an index of the organic sulfur 
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Table IV. Nitrogen and Iron Content in Raw and in Treated Coals Before and 
After Extraction with Nitric Acid. 
Coal Extraction 3 Ash, % N, % b Fe, % c 
Lovilia/ISU raw no 9.12 1.31 1.84 
Lovilia/ISU treated no 12.03 1.43 1.60 
Lovilia/ISU raw yes 2.62 4.63 0.10 
Lovilia/ISU treated yes 3.50 3.73 0.10 
Lovilia/ROM raw no 25.11 1.15 3.66 
Lovilia/ROM treated no 27.78 1.17 3.81 
Lovilia/ROM raw yes 12.76 3.74 0.02 
Lovilia/ROM treated yes 16.08 3.43 0.45 
Illinois #6 raw no 9.50 0.82 1.76 
Illinois #6 treated no 12.66 0.93 1.53 
Illinois //6 raw yes A.84 4.26 0.03 
Illinois //6 treated yes 6.06 3.66 0.10 
extraction with boiling 1:7 HN0- for 30 min. 
Determined by Kjeldahl method. 
°In unextracted coals, iron was determined by titration. In acid-extracted 
residues, iron was determined spectrophotometrically. 
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Table V. Electron Microprobe Analysis on Organic Maceral (Vitrinite) Level of Raw 
and Leached Coals and of Residues After Extraction by HC1 and HN0~.a 
Coal or Residue ASTM Sulfur, % Probe SC, wt.% Probe Fe,C Probe Ca,° 
No. After Acid Extn. Tot. Org. 
(dry)(dry) 
Org. 
(dmmfD) 
Dry dmmfu wt.% wt.% 
1 Lovilia/ISU raw 2.58 0.81 0.91 0.74 0.83±0.34 0.13i0.10 0.09+0.07 
2 Lovilia/ISU treated 1.07 0.66 0.79 0.59 0.6810.17 0.1110.06 0.9410.45 
3 Lovilia/ROM raw 4.14 0.95 1.35 0.68 0.96±0.24 0.1410.06 0.0810.05 
4 Lovilia/ROM treated 1.04 0.23 0.34 0.51 0.74±0.35 0.1610.10 1.8110.96 
5 111. //6 raw 3.68 1.93 2.18 1.79 2.01+.0.36 0.10+0.06 0.05±0.06 
6 111. #6 treated 1.66 1.44 1.68 1.29 1.51+0.42 0.1110.06 0.2010.09 
7 Residue of η 0.78 0.78d 0.79 0.80 0.82+0.30 0.1110.04 0.2410.35 
8 Residue of η 0.76 0.76d 0.79 0.68 0.70±0.41 0.4510.55 0.4910.63 
9 Residue of //3 0.82 0.82d 0.97 0.62 0.73+0.41 0.6U0.52 1.1210.91 
10 Residue of //4 0.63 0.63d 0.76 0.54 0.6510.26 0.3010.18 0.5910.93 
11 Residue of //5 1.49 1.49d 1.56 1.33 1.4010.23 0.1210.07 0.1110.20 
12 Residue of #6 1.45 1.45d 1.55 1.55 1.6510.47 0.3410.13 0.0510.06 
aAcid extraction by boiling 30 min. with 2:3 HC1 followed by boiling 30 min. with 
1:7 ΗΝ03· 
d^mmf « dry, mineral matter-free basis. 
CProbe values are statistical averages of 24 data points (except for samples, 9, 10, 
and 11 where η » 23, 20, and 23, respectively.) 
Assumes that Total S in acid extracted residue equals Organic S. 
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content of the total coal (18). In addition, the iron and 
calcium contents were simultaneously measured. In most cases, 
two point analyses were obtained on 12 particles, and the data 
from the 24 measurements were compared with standards, corrected, 
and statistically reduced to the averages in Table V. 
Because of the statistical nature of the data, the 
conclusions that can be drawn are expressed at the 95% confidence 
level. For the desulfurization experiments, the organic sulfur 
contents expressed as percent Probe S (dmmf) are compared. The 
percent sulfur content is between 0.04 and 0.34 lower for sample 
2 than for sample 1 and between 0.28 and 0.72 lower for sample 6 
than for sample 5. Thus desulfurization of organic sulfur is 
corroborated for the Lovilia/ISU and the Illinois No. 6 coals 
with average reductions in the percent sulfur content of 0.19 and 
0.50, respectively. The difference in the percent organic sulfur 
content between samples 3 and 4, however, is not significant at 
the 95% confidence level. Thus, demonstration of organic sulfur 
removal from Lovilia/ROM is not possible by this method. These 
conclusions are quite different from the ones that can be drawn 
from Tables I and II, in which Lovilia/ROM coal seems to lose 
the most organic sulfur. 
The sulfur data on the residues from acid extractions 
reflect considerable scatter, and no significant correlations can 
be made between the samples on this basis. 
The calcium data on the residues from acid extractions also 
do not provide any significant correlation. However, the calcium 
data on the raw and treated coals point to an unusual 
correlation. Coals which have been oxydesulfurized by leaching 
with sodium carbonate solution tend to pick up calcium which is 
associated with the organic matrix. For example, at the 95% 
confidence level, the percent calcium content is higher by an 
average 0.85, 1.73, and 0.15 for samples 2, 4, and 6, 
respectively, than for samples 1, 3, and 5, respectively. It is 
not known how the calcium is associated with the organic matrix, 
although presumably it could be an ion exchange phenomenon in 
which Ca + ions are chelated by carboxylic, phenolic, or 
other groups. 
The electron microprobe data for iron on the organic maceral 
level are also quite variable. In general, however, there 
appears to be no significant difference in the iron content 
between samples 1 and 2, 3 and 4, and 5 and 6. This is 
reasonable since the desulfurization procedure converts insoluble 
iron pyrite to insoluble hematite (22, 23). The iron content of 
the residues from the acid extractions, on the other hand, may be 
slightly higher than for the corresponding coal samples. The 
iron may be present in finely dispersed microcrystalline phases 
(24). Although the scatter of the data is substantial, there is 
a suggestion, at least for the Lovilia/ISU and the Illinois No. 6 
coals, that more iron may be present in the acid extraction 
residues of the desulfurized (treated) coals than those of the 
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raw coals. This implies that the organic sulfur levels of these 
treated coals may be actually lower than the values obtained by 
the ASTM procedures. 
Conclusions 
The treatment of three different coals by leaching with a 
hot solution of sodium carbonate containing dissolved oxygen 
under pressure (the Ames process) resulted in significant 
reduction of t o t a l sulfur. While the removal of the inorganic 
( p y r i t i c plus sulfate) sulfur was obvious, the amount of the 
organic sulfur removed was subjected to more rigorous analysis. 
The removal of organic sulfur could be given quite different 
values, depending on the method chosen for comparison of the 
organic sulfur levels in the raw and in the treated coals. In 
addition, the degree of removal of organic sulfur can be subject 
to influences arisin g from the analytical methodology, especially 
for the processed coals. 
Thus, on the basis of ASTM analyses, significant reductions 
i n organic sulfur were achieved for Lovilia/ISU and I l l i n o i s No.6 
coals and a very large reduction for Lovilia/ROM coal. These 
observations on the reductions apply regardless of the manner 
(dry, dry ash-free, or dry mineral matter-free) of expression for 
the organic sulfur content. When the comparison is based on the 
weight of sulfur per unit heating value, the removal of organic 
sulfur becomes modest for the Lovilia/ISU and I l l i n o i s No. 6 
coals but remains s t i l l large for the Lovilia/ROM coal. 
This decrease in the organic sulfur content of the 
Lovilia/ROM coal was corroborated by a series of extraction 
experiments employing ASTM procedures and other analyses for 
sulfur and iron. The removal of organic sulfur from the other 
two coals could not be confirmed by this method. However, the 
different extraction procedures pointed to possible changes in 
the mineral components and in the organic matrix i t s e l f of the 
coals after the chemical desulfurization treatment. Such changes 
can affect the analytical values obtained by ASTM procedures. 
Another method of assessing the organic sulfur content was 
provided by the electron microprobe data. A si g n i f i c a n t 
reduction in the organic sulfur content was demonstrated, at the 
95% confidence l e v e l , for the Lovilia/ISU and I l l i n o i s No. 6 
coals but not for the Lovilia/ROM coal. These results are in 
contrast to the conclusions drawn on the basis of the wet 
chemical experiments described above. 
In addition, the electron microprobe data indicated an 
unusual but noticeable build up of calcium associated with the 
organic matter of the desulfurized coal. This increase in 
calcium may have implications for subsequent control of sulfur 
emission during the combustion of the desulfurized coal. It was 
also shown that extractions with cold n i t r i c acid can be affected 
by changes in the mineral matter content caused by the chemical 
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desulfurization treatment. Furthermore, coal samples extracted 
with n i t r i c acid have a s i g n i f i c a n t l y larger nitrogen content. 
Thus the d i f f i c u l t i e s in evaluating the removal of organic 
sulfur from coal are not only due to differences in 
characteristics from coal to coal, sample heterogeneity, or 
fluctuations in the treatment. The variations in the organic 
sulfur content may also stem from analytical problems which are 
especially l i k e l y with coals that have been altered during the 
chemical desulfurization treatment. This points to a need for a 
method of determination of organic sulfur that i s dir e c t , 
applicable to raw as well as chemically treated coals, and 
employable on a routine basis. 
Acknowledgement 
Ames Laboratory is operated for the U. S. Department of 
Energy by Iowa State University under Contract No. W-7405-Eng-82. 
This work was supported by the Assistant Secretary for F o s s i l 
Energy, Office of Mining, WPAS-AA-75-05-05 and WPAS-AA-75-05-15. 
Literature Cited 
1. Wheelock, T. D., ed.; "Coal Desulfurization: Chemical and 
Physical Methods," (ACS Symp. Series No. 64); American 
Chemical Society: Washington, D. C., 1977. 
2. Meyers, R. A. "Coal Desulfurization"; Marcel Dekker, Inc.: 
New York, 1977. 
3. Wheelock, T. D.; Markuszewski, R. In "Chemistry and Physics 
of Coal Utilization - 1980," (AIP Conf. Proc. Series No. 70); 
Cooper, B. R.; Petrakis, L., eds.; American Institute of 
Physics: New York, 1981, pp. 357-387. 
4. Markuszewski, R.; Chuang, K.-C.; Wheelock, T. D., 
"Proceedings of Symposium on Coal Cleaning to Achieve Energy 
and Environmental Goals (Sept. 1978, Hollywood, FL)," Vol. 
II; EPA-600/7-79-098b; April 1979, pp. 1039-63. 
5. Wheelock, T. D.; Greer, R. T.; Markuszewski, R.; Fisher, R.W. 
"Advanced Development of Fine Coal Desulfurization and 
Recovery Technology," (Annual Technical Progress Report, Oct. 
1977-Sept. 1978); IS-4688; Iowa State University: Ames, IA, 
April 1979. 
6. Wheelock, T. D.; Markuszewski, R. "Fossil Energy Quarterly 
Report, Oct. 9, 1979 - Dec. 31, 1979," IS-4730; Iowa State 
University: Ames, IA, Feb. 1980, pp. 1-56. 
7. American Society for Testing and Materials,"Annual Book of 
ASTM Standards," Part 26; Method D2492; Philadelphia, PA, 
1975. 
8. Given, P. H.; Miller, R. N. Fuel 1978, 57, 380-1. 
9. Hamersma, J. W.; Kraft, M. L. "Coal Sulfur Measurements," 
(Interagency Energy/Environment R & D Program Report); 
EPA-600/7-79-150; July 1979 
D
ow
nl
oa
de
d 
by
 IO
W
A
 S
TA
TE
 U
N
IV
 o
n 
Ju
ne
 3
, 2
01
6 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e:
 O
ct
ob
er
 2
6,
 1
98
1 
| do
i: 1
0.1
021
/bk
-19
81-
016
9.c
h02
3
 Blaustein et al.; New Approaches in Coal Chemistry 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
4 1 4 NEW APPROACHES IN COAL CHEMISTRY 
10. Kuhn, J. K. In "Coal Desulfurization: Chemical and Physical 
Methods," (ACS Symp. Series No. 64); Wheelock, T. D., ed.; 
American Chemical Society: Washington, D. C., 1977, pp. 
16-21. 
11. Gladfelter, W. L.; Dickerhoof, D. W. Fuel 1976, 55, 355-9. 
12. Chakrabarti, J. N. In "Analytical Methods for Coal and Coal 
Products," Vol. I; Karr, C., ed.; Academic Press: New York, 
1978, pp. 280-322. 
13. Markuszewski, R.; Wheelock, T. D. Presented at 2nd Chemical 
Congress of North American Continent: Las Vegas, NV, Aug. 
24-9, 1980. 
14. Raymond, R.; Gooley, R. In "Scanning Electron 
Microscopy/1980," Vol. I; Johari, O. ed.; (SEM Inc.: 
Chicago, IL, 1978, pp. 93-107. 
15. Solomon, P. R.; Manzione, Α. V. Fuel 1977, 56, 393-6. 
16. Attar, A. In "Analytical Methods for Coal and Coal Products," 
Vol. III; Karr, D., ed.; Academic Press: New York, 1979, pp. 
585-624. 
17. Paris, B. In "Coal Desulfurization: Chemical and Physical 
Methods," (ACS Symp. Series No. 64); Wheelock. T. D., ed.; 
American Chemical Society: Washington, D. C., 1977, pp. 
22-31. 
18. Greer, R. T. "Fossil Energy Annual Report, Oct. 1, 1978 -
Sept. 30, 1979," IS-4714; Iowa State University: Ames, IA, 
Jan. 1980, pp. C1-C60. 
19. Greer, R. T. In "Scanning Electron Microscopy/1979," Vol. I; 
Johari, O., ed.; SEM Inc.: Chicago, IL, 1979, pp. 477-85. 
20. Stookey, L. L. Anal. Chem. 1970, 42, 779. 
21. Fritz, J. S.,; Yamamura, S. S.; Richard M. J. Anal. Chem. 
1957, 29, 158-61. 
22. Greer, R. T.; Markuszewski, R.; Wheelock, T. D. In "Scanning 
Electron Microscopy/1980," Vol. I; Johari, O., ed.; SEM Inc.: 
Chicago, IL, 1980, pp. 541-50. 
23. Chuang, K.-C.; Chen, M.-C.; Greer, R. T.; Markuszewski, R.; 
Sun, Y.; Wheelock, T. D. Chem. Eng. Commun. 1980, 7, (1-3), 
pp. 79-94. 
24. Greer, R. T. In "Scanning Electron Microscopy/1978," Vol. I; 
Johari, O., ed.; SEM Inc.: Chicago, IL, 1978, pp. 621-6 and 
p. 610. 
RECEIVED May 27, 1981. 
D
ow
nl
oa
de
d 
by
 IO
W
A
 S
TA
TE
 U
N
IV
 o
n 
Ju
ne
 3
, 2
01
6 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e:
 O
ct
ob
er
 2
6,
 1
98
1 
| do
i: 1
0.1
021
/bk
-19
81-
016
9.c
h02
3
 Blaustein et al.; New Approaches in Coal Chemistry 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
